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TITLE: CONTACT SENSITIVE DEVICE 

10 

. DESCRIPTION 

15 ' TECHNICAL FIELD 

The invention relates to contact sensitive devices . 

BACKGROUND -ART 

visual displays often include some form of touch 
sensitive screen. This is becoming more common with the 

2 0 emergence of the next generation of portable multimedia 
devices such as palm top computers. The most established 
technology using waves to detect contact is Surface Acoustic 
Wave (SAW) , which generates high frequency waves on the 
surface of a glass screen, and their attenuation by the 

2 5 contact of a finger is used to detect the touch location. This 
technique is ~tirne-of -flight" , where the time for the 
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disturbance to reach one or mare sensors is used to detect the- 
location. Such an approach is possible when the medium behaves 
in a ncn-dispersive manner i.e. the velocity of the waves does 
not vary significantly over the frequency range of interest- 
5 In W001/48684 and FCT/GB2002/003073 to the present 

applicant , two contact sensitive devices and methods of using 
the same are proposed. In both applications, the device 
comprises a member capable of supporting bending wave 
vibration and a sensor mounted on the member for measuring 
10 bending wave vibration in the member and for transmitting a 
„ signal to a processor whereby information relating to a 
contact made on a surface on the member is calculated from the 
change in bending wave vibration in the member created by the 
contact . 

15 By bending wave vibration it is meant an excitation for 

example by the contact, which imparts some out of plane 
displacement to the member. Many materials bend, some with 
pure bending with a perfect square root dispersion relation 
and some with a mixture of pure and shear bending. The 

2 0 dispersion relation describes the dependence of the in-plane 
velocity of the waves on the frequency of the waves. 

Bending waves provide advantages, such as increased 
robustness ^nd reduced sensitivity to surface scratches, etc' 
However, bending waves are dispersive i.e. the bending wave 

25 velocity, and hence the "time of flight", is dependent on 
frequency. In general, an impulse contains a broad range of 
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component frequencies and thus if the impulse travels a short 
distance, high frequency components will arrive first. In 
• WO01/4S634 and PCT/GB2 002 / 003 073 a correction to convert the 
measured bending wave signal to a propagation signal from a 
5 non- dispersive wave source may be applied bo that techniques 
used in the fields of radar and sonar may be applied to detect 
the location of the contact, 

DISCIjOSURB of invention 
According to one aspect of the invention, there is 

10 provided a contact sensitive device comprising a member 
capable of supporting bending waves, three sensors mounted on 
the member for measuring bending wave vibration in the member, 
whereby each sensor determines a measured bending wave signal 
and a processor which calculated a location of a contact on 

15 the member from the measured bending wave signals, 
characterised in that the processor calculates a phase "angle 
for each measured bending wave signal, then calculates a phase 
differences between the phase angles of leaat two pairs of 
sensors from which the location of the contact is determined. 

2 0 According to a. second aspect of the invention, there is 

provided a method of determining information relating to a 
contact on a contact sensitive device comprising the steps of 
providing a member capable of supporting bending waves and 
three sensors mounted on the member for measuring bending wave 

25 vibration in the member, applying a contact to the member at a 
location, using each sensor to determine a measured bending 
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wave signal and calculating the location of a contact from the 
measured bending wave signal characterised by calculating a 
phase angle for each measured bending wave signal, calculating 
a phase difference between the phase angles of at least two 
5 pairs of sensors and determining the location of the contact 
from the at least two calculated phase differences. 

The following features may be applied to both the device 
and the method with the processor being adapted to provide 
many of the calculations or processing steps of the method, 
10 Reflected waves may be suppressed by placing an absorber 

in contact with the edges of the member- The mechanical 
impedance of the absorber and member may be selected so as to 
minimise reflections of bending waves from the edges of the 
member- In particular, the impedances may be selected as that 
15 bending wave energy is strongly absorbed in a frequency band 
around a chosen frequency o 0 - The impedance of the absorber 
may be selected to be both resistive and compliant. The 
impedances may be selected to satisfy the following equation: 

20 where Z* is the termination impedance of the absorber and 

Z B is the mechanical impedance of the edge of the member. 

The absorber may be. made from foamed plastics which may 
have open or . closed cells and may be polyure thane or 
polyvinylchloride . For example the foam may be a soft PVC 

2 5 "predominantly closed cell foam such as mierS™ or a medium to 



(0054735 06-Pec- 02 04:31 | 



06/12 02 16:23 FAX 01430 464405 MAG UIRE BOSS Igl 010 



r- ■ • . • . 

5 

high density, open cell polyurethane foam. The absorber may 
extend substantially around the periphery of the member. The 
absorber may act as a mounting which support© the member in a 
frame or to another surface. 
5 The member may comprise a raised pattern on its surface 

whereby a contact drawn across the surface provides a variable 
force to the member to generate bending wave a in the member. 
The pattern may be periodic, or quasi -periodic with a 
statistically well-defined spatial distribution of- 

10 undulations. The pattern may be random whereby a contact 
travelling over the surface of the member generates a random 
bending wave signal. The random relief pattern may be formed 
by using an ant i -reflective coating such as those which are 
found on many known transparent panels placed in front of 

15 electronic displays* 

Each measured bending wave signal may be processed by a 
band -pass filter with a pass -band centred at the chosen 
frequency tf>o and having a bandwidth of Ao). The bandwidth A& of 
the filter is preferably chosen to address the Doppler effect 

20 whereby a bending wave arrives at a point with a different 
frequency from its original frequency. Accordingly, the 
bandwidth preferably obeys the relationship: 
Ao> » 2*(fl? 0 K m 

where- v max is the maximum lateral velocity of the contact 
25 across the surface, e.g. if the contact is provided by a 
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g^-yi^g^ Vjaax i s ^he maximum velocity that a user is capable of 
moving the stylus . 

The phase cf each filtered signal may be measured by 
comparison with a reference signal. The reference signal may 
5 have a frecrnency &>d . The measured phase is the average phase 
difference between the input and reference signals, optimally 
measured over the interval 2n/AtD. Alternatively, the reference 
signal may be derived from a filtered signal from a second 
sensor in which case, the measured phase is the phase 

10 difference between two input signals. 

The phase differences may be calculated at intervals of 
27t/Aca which may be intervals of less than 10ms. The reference 
and input signals may be fed to a phase detector. Output from 
the phase detectors may be fed through low-pass filters having 

15 frequency cut-offs of approximately Aco/2, then through 
digitisers and finally through a processor to calculate the 
phase angle 0. 

The instantaneous phases, & r (t) and 0 m (t) ' oi two measured 
bending wave signals may satisfy the phase difference equation 
20 equation; 

= 0, - 0 m = k(o? 0 )AK ml + 27m bu 

where Ax^ - xi - x m and x x being the distance from the 

contact location to each sensor labelled m and 1 
respectively) , and Jc(tf>) is the wavevector. This equation may 
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be saExSt ied if the^fitTTlongth difference between two sensors 
is less than the coherence length of the bandpass filter, 
which is defined as 

x = 

5 The coherence condition is therefore Ax bn «x £ . If the 

coherence condition is not satisfied, the above phase equation 
may not be satisfied. ■ 

Thus, values of nj^, and the phase angle difference are 
required to determine the location of the contact. The shape 
10 of the member may be selected to constrain the magnitude of 
Axin to values less than half of one wavelength, ie. 
|Ax,J <n/k(a> Q ) . In this case, where all possible values of Ax^ 
satisfy the condition | Ax [m | < 7v/k(o 0 ) , there is only one value of 
riim which is the integer ji^ satisfying \A0 mi - 2mt }m \ < n . 

15 Alternatively, n may be estimated or inferred in some way. 

Each phase angle difference in combination with the range 
of possible values of the integer zijja may be used to generate 
a series of path length differences thereby defining a series 
of discrete hyperbolic curves on the surface of the member, 

2 0 denoting possible locations of the contact. The location of 
the contact may be determined by plotting each hyperbola 
defined by each path length difference and selecting a point 
at which a large number of the hyperbolae intersect or .nearly 
intersect. This point is likely to be the true location of 
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the contact . 

Where is unknown,' the minimum number of series of 

hyperbolae required to determine the contact location is three 

i. 

and the likelihood of determining the correct location of the 

contact is increased by increasing the number of hyperbolae to 

be plotted. Multiple sensors may be used whereby a phase 

angle difference may be calculated for each pair of sensors 

thus generating multiple hyperbolae. In this embodiment , the 

minimum number of sensors is three. 

Alternatively, where is unknown, the measured bending 

wave signal from each sensor may be divided into two or more 

discrete frequency bands whereby a phase angle difference may 

be calculated for each frequency band and for each pair of 

sensors. Although multiple phase angle differences may be 

calculated from a single .pair of sensors, the phase angle 

differences at different frequencies are derived from the same 

path length difference. Thus the minimum number of sensors ia : 

i 

three. The dividing of the? frequency bands may be achieved by 
processing the bending wave -signals by at least two band-pass 
filters having different pass-band frequencies. For example, 
using two band-pass filters having frequencies cd 0 +&s and co Q .<D St 
the phase angle differences A3^ t A% from two sensors may be 
defined, as 

A0 a = k{co 0 + a> e )&x + 2xn a 
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wh^re^S^ls'a single; path-length difference defined by 
the contact and the position of the sensors. 

Therefore the values of ria and xit> may be selected so that 
the measured phase angle differences infer similar values of 
the path- length, difference I There Tnay be only one combination 
of values (ru, n b ) for whiich this is possible. In this case 
the true value of the path- length difference may be 
determined. The correct combination (iia., n b ) may be determined 
as the combination of values that minimise the expression; 



The path length difference may then be estimated as : 

Where this process isi repeated with two pairs of sensors, 
two path length differences may be determined, which in turn 
15 may be used to determine the location of the contact. 

Alternatively, where is unknown, an initial 

determination of the location of the contact may be made using 
the methods taught in WG01/4S664 and FCT/GB2002/003073 (as 
summarised in Figure ll) . . Thereafter it may be assumed that 
20 the contact moves more slowly than the bending waves and hence 
that the phase angle differences change by small increments 
over the time scale A£. Accordingly, each value of n may be 
chosen to minimise the change in path length difference. 



Measured phase . angle differences may contain random 



©015 

errors which may result in the selection of incorrect values 
of zu This error may be alleviated by evaluating the 
likelihood of sudd^ssiva sequences of n, for example by a 
state- space estimator such as the well known Kalman filter. 
The sequence having the maximum measure of likelihood is 
selected. 

The stdte-space estimator provides an estimate of the 
internal state of a system of which noisy measurements are 
made. A necessary input to the state-space estimator is a 
statistical description of. the evolution of the system state. 
An example of such a state is the set of coordinates that 
describes the position and velocity of an object in contact 
with the member. It is widely known that the Kalman filter and 
other state -space estimators may provide a measure of 
likelihood that a sequence of observed, noisy measurements are 
consistent with the model of the system state . 

A state-space estimator may therefore be employed to take 
a sequence of a pair of path- length differences (say Axi, and 
Axi*) taken at different times (say t ±f t 2r t 3 ,~) , to estimate 
the system-state/ i.e. the position and velocity of the 
contact , at those times. Moreover, the overall likelihood of 
those values of path-length difference being consistent with 
Che model of the system may be evaluated. 

Where the sequence of path-length differences are 
obtained from a sequence of phase -angle differences and a set 
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of integers In = nltO , n(t 2 ), n(t 3 ),~), the measure of 
likelihood generated by the state -space estimator may be used 
to infer the likelihood that the correct values of n were 
chosen. It follows that a method for choosing the correct 
sequence of integers, n, is to find the sequence for which the 
state-space estimator gives the maximum measure of likelihood. 

As mentioned above, the state space estimator uses some 
statistical description of the evolution of the system state. 
A suitable model for the motion of the contact may be a simple 
random walk. Alternatively, the model may employ a detailed 
statistical description of how the user moves the pen- One 
example is a statistical description of how the user moves a 
pen while writing text or individual characters. 

The processor may further be adapted to include in the 
determination procedure any available information about where 
the contact can be expected. For example/ if the member is an - 
input device for a graphical user interface where the user is 
presented with a choice of ^buttons' to press, it may be 
useful to assume that any contact on the member occurs within 
the discrete areas corresponding to the buttons. 

Alternatively, a map of the probability at which a 
contact is likely to occur and which is based on the expected 
behaviour of the user may be used. The device may comprise a 
software application with a graphical user interface (GUI) 
which interacts with the operating system by means of an 
application program interface (API) in which the API is 
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adapted to generate the prebafa±lity map. The probability map 
may be based on the location, size, and frequency of use of 
objects presented by the graphical user interface. The 
probability map may also be based on information about the 
5 relative likelihood of the Various GUI elements being 
activated- ' 

The following characteristics may apply to all 
embodiments of the invention. The device may comprise means 
for recording measured bending wave signals from the or each 
10 sensor over time as the contact moves across the member. The 
information relating to the contact may be calculated in a 
central processor. The sensors may be mounted at or spaced 
from an edge of the member. The sensors may be in the form of 
sensing transducers which may convert bending wave vibration 
15 into an analogue input signal . 

The member may be in the form of a plate or panel. The 
member may be transparent or alternatively non- transparent , 
for example having a printed pattern. The member may have 
uniform thickness. Alternatively, the member may have a more 
2 0 complex shape, for example a curved surface and/or variable 
thickness . 

The device is a purely passive sensor with the bending 
wave vibration and hence the measured bending wave signals 
being generated by an initial impact or by frictional movement 
25 of the contact. The contact may be in the form of a touch from 
a finger or from a stylus which may be in the form of a hand- 
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held pen. The movement of a stylus' on the member may generate 
a continuous signal which is affected by the location, 
pressure and speed of the stylus on the member. The stylus 
may have a flexible tip, e.g. of rubber, which generates 

- 5 bending waves in the member . by applying a variable force 
thereto. The variable force may be provided by tip which 
alternatively adheres to or slips across a surface of the 
member. As the tip moves across of the member a tensile force 
may be created which at a certain threshold, causes any 

10 adhesion between the tip and the member to break, thus 
allowing the tip to 3lip across the surface. The bending waves 
may have frequency components in the ultrasonic region 
(>20 kHz) . 

The member may also be an acoustic radiator and an 
15 emitting transducer may bs mounted to the member to excite 
bending wave vibration in the member to generate an acoustic 
output. line frequency band of the audio signal of the 
transducer preferably differs from and does not overlap the 
frequency band of the measurements from the aensora. The 
20 audio signal may thus be filtered, for example, the audio band 
may be limited to frequencies below 20kHz, and the vibration 
measurements may be limited to frequencies above 2 0kHz- A 
sensor may have dual functionality and act. as the emitting 
transducer. 

25 The or each emitting transducer or sensor may be a bender 

transducer which is bonded directly to the member, for example 

l005^5i06^Deca;P2j|P^|llt 
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a piezoelectric transducer. Alternatively, the or each 

emitting transducer or sensor may be an inert ial transducer 

i 

which is coupled to the member at a single point. The inertial 

transducer may be either electlrodynamic or piezoelectric, 

j 

A contact sensitive device according to the invention may 

» : 
» I 

be included in a mobile phonie, j a laptop or a personal data 

assistant. For example, the keypad conventionally fitted to a 

i* 

mobile phone may be replaced by 4 continuous moulding which is 

i 

touch sensitive according to ihhe present invention. In a 
laptop , the touehpad which functions as a mouse controller may 

be replaced by a continuous moulding which is a. contact 

j 

sensitive device according to the invention. Alternatively, 
the contact sensitive device imav be a display screen, e.g. a 

i ! 

liquid crystal display screen coijnprising liquid crystals which 

15 may be used to excite or sensej bending waves. The display 

: 1 

screen may present information relating to the contact . 

BRIEF DESCRIPTION OF DRAWINGS 



The invention is diagrammattically illustrated, by way of 

i 

example, in the accompanying draV/ings, in which; - 

Figure 1 is a schematic; plan view of a touch sensitive 
device according to one aspect: of the invention ; 

Figure 2 is a schematic perspective view of the device of 
Figure 1; j 

Figure 3 is a schematic side view of a one -dimensional 

' i 

5 beam; ! 

' i j 

Figure 4a is a graph allowing the amplitude of the 
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reflection coefficient against f requeacy ?: **iH2^ ? ^tlie amplitude 
is unitless since it is a rati|o; , 

i 

Figure 4b ia a graph shcjwirig the phase (radians) of the 

reflection coefficient in radicals against frequency (Hz) ; 

[ : 

5 Figures 5a and 5b are 'schematic perspective views of 

alternative touch sensitive dejvices; 

i ! --■—I 

Figure 6 is a flowchart of a method of finding the 

! 

location of a contact according t'o the invention; 

1 
1 

Figure 7a is a schematic j block diagram of apparatus used 

10 for calculating phase angles; ! 

1 « 

Figure 7b is a schematic j block diagram of apparatus used 

1 

with that of Figure 7a; ; ! 

i I 

Figures Sa to 8d aire plan views of apparatus according to 

i j 

the invention showing thej hyperbolae of path. length 

! ! 

i 

15 differences; j j 

Figure 9 is a schematic block diagram of alternative 

- i 



apparatus used for calculating) pHa3e angles; 

•1 

Figure 10 is a flow chart showing an alternative method 



of calculating the location off the contact; 

I i 

20 Figure 11 is a flow charti showing a method of calculating 

the location of the contact j using the dispersion corrected 

P 1 

correlation function; 1 j - 

! 

1 

Figure 11a is a graph of ^dispersion corrected correlation 

I ! 

function against time, and \ J 

j ! 

25 Figure 12a is a schematic! block diagram of a contact 

j ! 

sensitive device which also opjera-tes as a loudspeaker, and 
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Figure 12b is a method 



measured bending wave signal ito tjhe device of Figure 12a. 

! i 

DETAILED ^DESCRIPTION 



@02i 



of j - separating audio signal and 



i 



Figure 1 shows a contact [sensitive device 10 comprising a 

j 

transparent touch sensitive jalate 12 mounted in front of a 

: i 

display device 14. The displky ;device 14 may be in the form 



of a television, a computer 



text 2 0 or other matter on the! 



screen or other visual display 



device, A stylus 18 in the f ©rmi of a pen is used for writing 



touch sensitive plate 12 



The transparent touch sensitive plate 12 is a member, 
e.g. an acoustic device, capable of supporting bending wave 
vibration. As shown in Figure 2 r four sensors 16 for 
measuring bending wave vibration in the plate 12 are mounted 
on the underside thereof. Thdi sensors 16 are in the form of 
piezoelectric vibration sensozrs and are mounted one at each 
comer of the plate 12 . At least one of the sensors IS may 
also act as an emitting transducer for exciting bending wave 

I 

vibration in the plate. In this j way, the device may act as a 
combined loudspeaker and contajpt 



sensitive device. 



A mounting 22 made of foamed plastics is attached to the 



underside of and extends sutetjantJially around the periphery of 
the plate 12. The mounting 2& has adhesive surfaces whereby 



the member may be securely 



attached to any surface. The 



mechanical impedance of the mqunting and plate are selected so 

!; | 

as to minimise reflections cjfc lending waves from the plate 
edges . 



0 6/12 '02 16 :26 FAX 01430 4B44 05 



r 



10 



15 



20 



MAGUIRE BOSS 



17| 



1-d model shown in Figure 3 
34 in the form of a beam whic 



Bl 022 



The relationship between mechanical itrp^a^ce^' of the 
mounting and the plate may be 



approximated by considering the 
The model comprises a waveguide 



h 

f 



terminates at an edge mounting 



5 30. having a termination iTijipedance . An incident wave 3 8 



travelling down the waveguide 
36 to form a reflected wave 
waves are plane waves 
perpendicular to the edge. As 
the following boundary conditi 

(i) the termination impedanc 
velocity, i.e. it does not 
whereby the bending moment is 

(ii) The ratio of the lateral 



34 
40 



is reflected by the mounting 
. The incident and reflected 



travelling in the . direction 

3 Hinting the mounting 2$ satisfies 

! 

oris : 

i 

5 dnly couples into the lateral 
provide any torque resistance; 
equal to zero at the edge and 
shear force and the velocity at 



the edge is e<jual to the terminal impedance; 

the reflection coefficient at the mounting is given by: 



R(co) 



where Z T is the terminati 



_ -z T lzM-j 



on 



impedance of the mounting and 



Z B is the mechanical impedance of the end of the waveguide, 
given by 



z B {< 



where Jc(co) , is the wavevector which may be expressed in 

j 

terms of the bending stiffness, B, and mass per unit area, u, 
of the panel, 
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mounting. 



Furthermore , the. 



Thus, the reflection coefficient is determined by the 
ratio of the impedances at the and of the waveguide and the 

impedance of the waveguide is 
proportional to the square root of frequency and is both real 
and reactive in equal wei^htjs (i.e. phase angle) ^ 

Accordingly, the reflection coefficient is likely to be 
strongly frequency dependent . 

The reflection coefficient 
energy is strongly absorbed in s 
the following condition is sat 



vanishes , i.e. bending wave 
; frequency band around © 0# if 
isf ied: 



Thus, the termination impedance of the mounting must have 



both real and imaginary conponents, or, equivalently, the 
15 mounting should be both resist: 

The plate may be, for example, 1 mm thick polycarbonate 
sheet which has mass per 
bending stiffness, B=0.38 N m. 
to calculate the impedance^ of 



2 0 to strongly absorb bending 
angular frequency co 0 = 2nf9D0 



approximation of the plate is 

Zb(u>o) = (1+i 



unlit area r )i=1.196 kg nf a and 
The equations above can be used 
thp plate and absorber required 

i 

wave energy around the chosen 



The impedance, per uniti width for a imrn beam 



} 33,8 N s nT 
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The properties of the absorber which provide the desired 
absorption are thus ; 
Resistance per unit width/ 

Re(Z T ) = Jm[Z B (o) 0 )] = 33.8 Nsm 
Stiffness per unit width, 

-iIm(Z r K = Re[Z s (a> 0 )K =1-9 



The reflection coefficient is a unitless complex number. 



The amplitude of the reflection 



phase is reversed for co 0 approximately equal to 900Hz. 



In Figures 5a and 5b, 



xlOf Nm" 2 . 
i 

i 



showing the amplitude and phase 



Figures 4a and 4b are graphs 



of the reflection coefficient R(a>) varying with frequency. 



t 



1 coefficient is zero and its 



plate 12 has uniform surface 



roughness in the form of a raised aurface pattern 28,29. The 

! |j 

stylus IS is drawn across the; surface along a path 30 and as 

l! 

15 it crosses a raised part or diine! of the pattern it generates 



bending waves 32 in the member 



18 provides a source of bending jwave vibration in the member. 

i 

In Figure 5a, the surface patiera 2 8 is a periodic pattern of 

i 

raised crossed lines and in Figuare 5b, the surface pattern 29 



is a random relief pattern. ! 

In the embodiments of . 
contact moves over the rough 



contact . The displacement of nhe 



Thus contact from the stylus 



Figures 2 , 5a and 5b , as the 

j 

surface of the member, bending 



waves radiate isotropically in tjhe member from the point of 



member at a distance, x, from 



the point of contact is related to the displacement at the 
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i 

point of contact by a transfer function, H[g>; x) . At di s t ancfe's^' 

i 

larger than the wavelength; U = 2W&(<2>) , the transfer function 

« 

can be approximated as, i 

.' i 



5 whenre A is a constant arid k(C£t) , is the wavevector defined 

i 

previously* Although H{&; x) 'strictly only applies to bending 

waves on an infinite plate," sijice the mounting is strongly 

■ j 

absorb bending wave vibrations, the relationship is satisfied. 

! ! 

The transfer function shows ' .that where a source of bending 

10 waves emits a purely sinlisoidal frequency with angular 

i* « 

frequency, co 0/ the phase difference A6 12 between displacements 

at two locations which are at distances, x± and x 2r from the 

f i . I 

point of contact for the sourjce is: 

i » 

15 This implies the following relationship between the phase 

)■ l 

angle difference, the path length difference (x^-xi) and an 



integer n^. 



i : 

! . 



Figure 6 shows the steps ih the method for using this 

■ ! . 1 

20 equation to determine the co3l[tiacti location: 

! ' i 

a) Measure a bending wave signal with each sensor to qive 

i 

- < i 

measured bending wave signals \ W ( (i) and Wj(t) r 



b> Calculate the phase angles Q L (t) and Bj(t) of the measured 



i i 

i ■ 
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j 

bending wave signals fl^(0i 

'i 
•# 

;j 

e) Calculate the difference.] 

and f 

•i 

d) Calculate the location of; 



12 026 



21 

and Wj(f), 

i 

■ 

between the two phase angles 



the contact from 

Figure 7a shows a schematic block diagram of a device for 

£j of a bending wave signal Wj ( t) 



calculating the phase angle 



measured by one of the sensors. The signal Wj (t.) is a random 



signal and is thus uncorrela* 

:i 

j 

signal is first amplified' 



tied over long time scales, The 
by an amplifier 42 and then 



processed by an analogue bandpass filter 44 with a pass-band 
centred at fflb and a bandwidtHj. of Aa>- 

:i : 

A moving source of bending waves may demonstrate the 

•i 

Doppler effect, whereby a binding wave which has frequency g> 0 

.1 i 

and is emitted by a source;) moving at velocity v towards a 

!!■ 

point on a member arrives at that point with a different 

/ Ik • 

frequency defined by ^-k\a>^. The maximum angular frequency 

\n ' 
l l ■ 

shift between bending waves- at two different points on the 
member is therefore 2*(co 0 )i'V , where is the maximum 

velocity of the moving source: If the angular frequency shift 

'] ' 

becomes larger than the width of the band pass filter, the 

j] i 

phase difference equation above does not hold. Accordingly, 
the bandwidth Am of the filter 44 is set to be greater than 
this maximum frequency shift ;;and thus obeys the relationship: 



11 
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3 027 



filter 44, the resulting filtered 



signal W'j (t) is an amplitudes jand phase modulated carrier with 



frequency a* and is defined b; 



f 



where (t) and ft; ar4 the amplitude and phase of the 

timescale At determined by the 



signal. Both fluctuate over 
bandwidth of the filter, 



namely At ~ 2 * > . The maximum 
frequency at which independent phase angle measurements may be 
10 taken from the output of the [bandpass filter is At. Since a 
touch sensor typically provides an updated measurement of the 
contact position every lOtnsL | the condition for the minimum 
frequency of positional measurement is At<10ms. 



The filtered signal ff'j 



Electronics" by Horowitz and 



(t) is then passed simultaneously 



15 to two analogue phase detectors 46. Such detectors are well 
known in the art, for example, see p644 of "The Art of 



to the two phase detectors 
2 0 detectors are passed througl 



j- Hill. Reference signals each 



having frequency &o but a phase difference of tt/2 are also fed 



The outputs of the phase 
low-pass filters 48 each having 
frequency cut-offs of approximately A&/2. The outputs of the 
low-pass filters are proportional to cos {&) and sin{0J 

• ire then digitised by digitisers 
52 to give the phase angle &. 



respectively. These outputs 

i 

50 and processed by processoi' 
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Figure 7b shows how the 



l p 

7a may be generated. A second bending wave signal W±(t) is 

measured at a second sensoin. \ .The signal is fed through an 

amplifier 42 and analogue | band^pass filter to generate a 



The signal is also fed to 
device which shifts its p! 



@ 026 



i23 ! 



reference signals used in Figure 



5 filtered signal W r j(t). • The] filtered signal W'j(t) is fed 
direct to one phase detector 46* to form- the reference signal. 



ij 



the; second phase detector 46 via a 



L 



se by it/2. The phase shifted 



signal is used as the reference signal to the second phase 

10 detector 46. 

- ■ ii * 

Figures 8a to 8d shows how the phase angle differences 
and hence the path length 'differences may be used to calculate 
the location of the conta.cpJ The equation in step (d) of 
Figure 6 defines a hyperbolic, curve which can be overlaid on 
the plate 12. Figure 6a shoys- the three hyperbolic curves 26 



which are generated using 
the calculated phase angle 
mounted one on each end of 
Similarly Figures 8b and 8 
which are generated by 



dws. t 

1. ! 



sensors. The contact locat 
of three hyperbolic curves 
From the contact location 24 



three different values of ni ra and 
;.dfetence for a pair of sensors 16 

tlae' short sides of the plate 12. 

i 

p show the hyperbolic curves 26 
ti|he , phase angle difference and 
different values of ni m for' two other pairs of sensors. 
Figure 8d shows all the 



hyperbolic curves created by the 

I 'i 

ion 2i4 is the point of intersection 
one from each pair of sensors. 
, ? the correct value of ni m may be 
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inferred* 

A method of inr erring 
embodiment shown in Figure 
measured by each sensor is 
band-pass filters 48,54. 
filter, are calculated, for 
The filters 48, 54 have \ 
frequencies whereby two phask i 



IT, B j 0SS 



IS 029 



ji is implemented using the 
The bending wave signal W x (f) 
imultaneously processed by two 
? ; phase angles r one for each 
example as described in Figure 7 , 
slightly different pass -band 
angle differences, one for* each 



pass-band frequency, are provided by each pair of sensors. 



I 



The phase angle differenc 
be defined as 

I i - 
I | i 

&0 b = k(b^ifc s )Ax + 27m 



e's AO** A&t from the sensors may 



I J ■ • 

where is a single pajth- length difference defined by 



the contact and the position 
The correct combination 



combination of values that mi.rSLmise the expression 



A0 a -2mz a AB h -7jm b 



{the sensors - " • ' 

jOn^, n b ) may be determined as the 



The path length dif f eremcje .-may then be estimated as: 



2{k(a 0 + a> s ) tfa-a> s y 



Other pair of sensors 



1 ! s 

series of path length differences and hence a series of 



hyperbolae. As in Figures 8a 



%i then be used to determine a 



to |8d, the hyperbolae are plotted 
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and the point at which, t 



location of the contact from 



i 
1 

25 

i 

-i 



a 030 



largest number of hyperbolae 



intersect is likely to be the true location of the contact 

1 3 



Figure 10 shows an alternative method for calculating the 



0 



JU 

the 



Measure a pair of bending 



IV. 



dispersion corrected cor^reJ 
in Figures 11 and 11a; 
Remeasure bending wave si^iaals W f (t) and W f (t) ; 



equation above, namely 
wave signals W { {t) and Wj(t) , 

one signal being measured) by a sensor; 

i 

corrected correlation function 
t!|he method described in Figures 



Calculate the dispersion 
of the two signals usinlg 
11 and 11a; 

iii. Calculate the initial portion o£ the contact using the 



lstion function, as described 



Calculate the phase anglje |i 



as described in Figures 



vi. Calculate the difference jbejtween the phase angles; 

vii. Select the value of ni^ 
path length difference; 



viii.piot the hyperbola definedijby 



i 

ix. Repeat steps (iv) to : {via|L 

inteirvjal 



signals at regular inte 



of each signal - for example 
and 7b; 



whi'ch minimises the change in the 



I 



, remeasuring the bending wave 



Is A/, 'for example At=2%/to>* 

i 



At step (viii) , a minimum &>f two hyperbolae are required 



to determine the location of 



t#4 



2 5 determined from the intersection of the hyperbolae. Thus a 



contact since the location is 
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minimum number of two : pha;3ej angle differences must be 

h 

determined. Two phase anglb differences may be generated by 

using two sensors and splitting! the signal into two frequency 

■ I II f 

bands as described in Figuirjef 9. 

: III 

sensors may be used so that! multiple phase angle differences 

jl g 

may be calculated using different pairs of sensors. 

M 

Figure 11 shows a met hod |of calculating the dispersion 



corrected correlation function- 



ji 

path length between the contact^ 



Al t ernat ively , mul t ipl e 



10 method set out below summarises the information in 



to reveal the difference 



in 



location and the sensors. The 



PCT/GB2002/003073 . The method 

i 

(a) Measure two bending wave 

(b) Calculate the Fourier 
arrive at FT, (a?) and W 2 (&) : and 

15 ^(0)^(0); where W^(m) i 
transform, t represents time 



(c) Calculate a second intermediate function M{ca) which is a 



function of : 

i 

(d) and (e) at the same time 



2 0 the frequency stretching 



comprises the following steps: 



Lgjnals W x {t) and W 2 (i) 

1 

transform of W^(t) and W 2 {t) to 



hbnce the intermediate function 

f 

the complex conjugate Fourier 
s 27tf where f is frequency. 



as performing steps (a) to (c) , 



Cf) M(Q> and f(a>) = v(ji/B)Xj& 
dispersion corrected correlation 



operat ion /(&)= v(ju/By A 



calculated using the predetermined panel dispersion relation 



is 



jj 

ate combined to arrive at the 
functionr 
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(g) the dispersion corrected ; correlation function ia plotted 
against time with a peakj occurring at time t 12 as shown in 
Figure 11a; ; 



(h) Axi 3 is calculated from |t ia ; Ax 12 is the path- length 
difference between the path lengths Xi and x 3 from the first 

: i | 

and second sensors to the contact . 

(i) Ax.12 defines a hyperbolae whijch may be plotted as in Figure 
7 to calculate the locatioji ofj.ljhe contact. 

As with the method [ of : figure 10, a minimum of two 

• 5] 

hyperbolae are required to jddtermine the location of the 
contact. Thus the ways of generating more hyperbolae discussed 

i. - ; I 

above apply equally to this mejtnod. 

The second intermediate;! Inunction M(o) may simply be 



15 W { (&WZ(&) which gives } a {standard dispersion corrected 



correlation function. AlternaQi^jely, M(<d) may be selected from 
the following functions jwhicbjj all yield phase equivalent 
functions to the standard 1 dispersion corrected correlation 
function: ! 



' ! : i 

c) M(co) = fy{a)fr^a>)<p\w^m)^iij\\ where <p{x) 



i'V 



is a real valued 



l ! i' 

I: ' 
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function 

d) M(&) = W x {a))W*{G>)\fr(afy\ wn^re y(p>) is a real valued 

i ' 

function, i j 

Alternatively, M(<a) may 

i 

the Fourier transformation) iof 



1033 



The steps are calculate D 

i| 

frequency stretching operatip: 

i 

j 

corrected correlation function: 



bs the function D(<d) which is 

i ... . .. .... 

une correlation runction r 



jt) ; calculate Dip) and apply a 
to arrive at the dispersion 



Alternatively, at step j[f) the following dispersion 

: J 

corrected correlation funcjtion Tpay be calculated: 
GO) = £ £t \f{4) <ki [/$*>)] <Mi<*)do 



where 



ii 



15 where (^)j and {#\,<>b)} 



are ^he Fourier transformation and 



complex conjugate Fourier transformation of two measured 



bending wave signals {^/(^}* anc, 
length difference. 



! 

A sensor may act as, bdtlSi" the first and second sensor 

H • r 

2 0 whereby, the dispersion corrected correlation function is an 

! 

autocorrelation function. ; jThe autocorrelation function may be 

k 

calculated applying the : same steps for the dispersion 



.</)} and {AxJ ±5 the path- 



'I 
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corrected correlation function ysing W } (t)= W 2 {t) 
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Figure 12a shows a bontacp sensitive device which also 



operates as a loudspeaker 



i! ! 



Figure 12b shows a method for 
P 



partitioning the audio signal 



and measured signal into two 



i 1 i * i\ : 

5 distinct frequency bands so that. the contribution of the audio 



signal to the processed measured signal is suppressed. 



The 



20 



device comprises a member 1;06 in which bending wave^ are 
generated by an emitting 'jtranskucer or actuator 108 and the 
contact- The emitting tr'ainsducer applies* an audio signal to 



10 the member 106 to generate an 



! ! 



applied to the member, thej ( aoiidiQ signal is filtered by a. low 



;l ! 



pass filter 112 which, a ! sl shoTjTi in Figure 12b, removes the 

J: i ! 

audio signal above a threshold frequency f 0 . 



15 which has a power output ,which 



acoustic output- Before being 



As shown in Figure 12b," the contact generates a signal 



is substantially constant over 



a large frequency band. juihe ' signal from the contact and the 

ij j ! J , 

audio signal sum to giveija combined signal which is passed 



through a high pass filter' 114 i|tO remove the signal above the 

i j. 1 

threshold frequency fo- The filtered signal is then passed to 



a digitiser ll£ and onto a 



[processor 118. 



ii.; 



ii 
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1. A contact sensitive aeisrLce| comprising a member capable of 

S supporting bending waves, thr|sd| 'sensors mounted on the member 

: j fl! 

for measuring bending wave vitiation in the member, whereby 



each sensor determines a 
processor which calculate 
member from the measured 



measured bending wave signal 



measujbed bending wave signal and a 

! j 

Location of a contact on the 

| 

l&n&iSjpg wave signals, characterised 



in that the processor calculated a phsse angle for each 



the phase angles of least 



least two phase differences see calculated from which the 



determined. 



fcwd .pairs of sensors so that at 



; th 



off t 



25 



location of the contact is 
2 . A contact sensitive 
comprising an absorber at: 
reflected waves are" suppressed! 
3 . A contact sensitive devib 
the mechanical impedance 
selected so as to minimise 
the edgee of the member. 
4. A contact sensitive .deVi 
the impedances are select 
strongly absorbed in a 
frequency n> 0 . 



t reflections of bending waves from 



I 

f rjs 



id a phase difference between 



yace according to claim 1 

j 

i edges of the member whereby 

! 

! 
i 

! 

(according to claim 2, wherein 
I absorber and the member are 



H jaccording to claim 3 , wherein 
acM | that bending wave energy is 
.en cy band a round a cho s en 
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5 . A contact sensitive 'devi 
the impedances are selected 



(2)036 



z d according to claim 4 , wherein 
to latisfy the fallowing equation = 
-fc(o? 0 ) 



Zz is the me^h^nical ixt^pediiicG 
6. A contact sensitive 'devi 
5, comprising a band-pass 
bending wave signal, the f 
the chosen frequency a> 0 and 



iltei 



where v mBX is the maximum '1 



where Z T is the terminatiol impedance of the absorber and 



If the edge of the member, 
eel according to claim 4 or claim 
fiitpr for filtering each measured 
having a pass -band centred at 



7. A contact sensitive d9vieJ according to claim 6, wherein 
the bandwidth Aa> of the filter fobeys the relationship: 



15 2 to 1 r wherein the absorber 



9. 



A contact sensitive- 



preceding claims, wherein ths member comprises a raised 



pattern on ita surface .wheaye' 



surface provides a force 
2 0 waves in the member, 

10. A contact sensitive 



L 



device according to claim 9, wherein 



surface of the member generate 
IX, A contact sensitive devilce 
the pattern is formed from an 



to 



the pattern is random whereby I a contact travelling over the 



bcadwidth of Aco. 



ate:tra|L velocity of the contact. 
8 . A contact sensitive <ievi|c^ according to any one of claims 

made from foamed plastics. 



evic 2 according to any one of the 



a contact drawn across the 
Ihe member to generate bending 



a random bending wave signal, 
according to claim 10, wherein 
Lti-ref lective coating. 
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preceding claims, comprising 



which have different : p 
simultaneously process the 



I 



@037 



32 



A cohtaoF^sensitive device according to any one of the 



aft least two band-pass filters 



ass-^^and frequencies and which 



be^cing wave signals measured by a 
pair of sensors whereby a ^hase angle difference for each 
pass-band frequency is provided by a pair of sensors. 



10 preceding claims, comprisii 



drl 



location of the contact 
correlation function of ^airs 
and means for determining 



.g means for determining the initial 



13- A contact sensitive, devlcs according to any one of the 

j 

preceding claims, comprising foir sensors on the member. 
14. A contact sensitive* deva.de according to any one of the 



itsing the dispersion corrected 
df measured bending wave signals 
subBecnient locations of the contact 



15 . A contact sensitive 
preceding claims , whereicn 
comprises a phase detector 



using the phase angle dif f ejrepLce between pairs of measured 
bending wave signals . 



the 



16. A contact sensitive devi 



the processor comprises a 



preceding claims r wherein 
and an emitting transducer 
bending wave vibration in 
output . 



devi.ce according to any of the 



phase angle determining means 



ce according to claim 15, wherein 



lot^-jpass filter and a digitiser for 



th 

is 
thb 



determining the phase angles 
17. A contact sensitive!- device according to any one of the 



member is an acoustic radiator 
noun ted to the member to excite 
member to generate an acoustic 
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18. A contact sensitivje 



BOSS 



'device according to claim 17, 



19. A contact sensitive j{ devic 



@ 03d 



comprising means ensuring i tt at the acoustic output and 

ij I 

measured bending wave signals are in discrete frequency bands. 



* according to any one of the 



5 preceding claims, wherein^ tjhe member is transparent. 

ji 1 : 

20- A method of determining] information relating to a contact 



on 



contact sensitive; .device comprising the steps of 



providing a member capable ! of 



three sensors mounted on ithe : m£ Tiber for measuring bending wave 



10 vibration in the member , japplyj 



supporting bending waves and 



fFPlyito 
sori t< ) 



location, using each sens 



wave signal and calculating tbu 

IN i 

measured bending wave signal 



g a contact to the member at a 
determine a measured bending 
location of a contact from the 
characterised by . calculating a 



15 a phase difference between the 



phase angle for each measured tending wave signal, calculating 



reflected waves by plac^ 



g i an 



member . 

22. A method according ta 
mechanical impedances of 
minimise ^reflections of 
member. 

23. A method according tc 

i 

impedances so that bendiriig 



cla 

i 



phase angles of at least two 



pairs of sensors and determining the location of the contact 

• i * 

[1 ! 

from the at least two calbnlate i phase differences 
21. A method according ;jtD ' el aim 20, comprising suppressing 

In- 



absorber at the edges of the 



m 21 , comprising selecting the 



ithe absorber and the member so as to 

i ; • 

beridii g waves from the edges of the 



claim 22, comprising selecting the 
wave energy is strongly absorbed in 
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a frequency band around a chose; l frequency <0 O 



24 . A method according to 



H It 



3fir 



BOSS 
! 



©059 



claim -23, comprising selecting the 



impedances to satisfy the following equation 



filtering each measured 
filter having a pass-banS 
and a bandwidth of A m - \ 
26. A method according 1 



vhsrs is the irrpeaance of the absorber and Z B is the 

. . i 

impedance of the edge of the j mepber . 

», 

25. A method according to iclaim 23 or claim 24, comprising 

| * J 

; bendisu 



ndiijig wave signal by a band- pass 



cent red at the chosen frequency G) 0 



to iny one of claims 20 to 25, 



comprising applying the pliase cifference equation 



to determine the location! 



15 phase angle of a measured! bending wave signal , jc± is the 



distance from the contact 
is the path length diffe 



wavevector and xijja is an unknown integer. 



27, A method according tc 



= k(<v Q )Ax ml +27m Lm 
of the contact , where 0± is the 



location to each sensor, Axi^-Xi -x m 



cl^Lm 2S, comprising selecting the 



28. A method according to 



of two sensors , k(<D) is the 



member to constrain the magpit JLde of Axi^ to values less than 
one half of a wavelength} s? that n^, is determined from 



cladfci 26, comprising determining an 



initial location of the coptacl using the dispersion corrected 
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correlation function- of!' a pair o£ measured bending wave 



i . 1 



signals and selecting a value cp ni ra which minimises change in 
the path length difference'.! 



29. A method according to 



1 1 



g]040 



cl£im 26, comprising selecting a 



series of values of xi lmi cdmbiii ing the series of values with 
each phase angle difference to, ! jdefine a series of path length 
differences, plotting the/: seri* of graphs of the path length 
differences, and inferring : the! ' true value of ni m from a point 

i : j ! J 

at which a large number of 1 jt he [graphs intersect. 
30. A method according ! s s to ally one of claims 20 to 23 , 
comprising Calculating multifpl'J phase angle differences from 
the pairs of phase angled/ plotting a graph of each path 
length difference and seijectimg a point at which a large 



number of the hyperbolae : int 

contact. :" 

i 

31. A method according , to 



comprising dividing the : measuJed bending wave signals from 



each frequency band. 



erject to be the location of the 



ally one of claims 20 to 30, 



each sensor into at least! two! discrete frequency bands and- 

- ' il 

calculating a phase angle difference for a pair of sensors for 



!; 



! h 



[0054735 Q6-Dec-Q2 04~:31| 



r 



THIS PAGE BLANK (usptoj 



TWS PAGE BLANKS 



i 



THIS PAGE BLANK (usfto 



THIS PAGE BLANK 



(USPTO) 



06/12 '02 16:32 FAX 01450 484405 



r 



MAGUIR E BOSS 




Measure ™ & Wft) 



Caicuiatcj^ift) & tffti 



i if 



Calculate jSiase difference 

AG j^ad) - w) 



Calculate] 
k 



I 



location of 



'(3o)Axij 



: Fig 7, 



E 



er 



Analogue h 



and-paasjSLter 




To * 



Digitiser 



contact from 



Reference signal 





per ^ 









Processor - determines plus \ angle Q 



ST!. 



@|044 



[0054735 06-DCC-Q2 04:31 



THIS PAGE BLANK 



(USPTO) 



06/12 02 16:32 FAX 01480 464405 



MAGUIR E BOSS 



WJt) 



T 

T 



Analogue banc. 




Amplifier /\} \ ^ ~2_ 



12)045 



Wj(t) 
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Reference signal 
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Reference signal 
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